The short-beaked echidna is believed to use olfactory cues from a cloacal scent gland to attract and locate mates during the breeding season. We investigated the chemical composition of echidna secretions, including cloacal swabs and solid, "waxy" exudates from the cloaca and spurs. Scent samples from 37 individuals were collected over a 1-year period and analyzed using a range of different analytical techniques. A total of 186 compounds were identified, including volatile carboxylic acids, aldehydes, ketones, fatty acids, methyl esters, ethyl esters, terpenes, nitrogen-and sulphur-containing compounds, alcohols, and aromatics. Long chain and very long chain monounsaturated fatty acids, sterols, and sterol esters were identified as the major constituents of solid exudates, some of which have not previously been described from any animal skin gland. There was a high degree of composition overlap between male and female cloaca swabs; however, there is significant variation, which could mediate echidna mating behavior. Many of the volatile and nonvolatile chemicals detected are used for communication in other species, suggesting that chemical signals have important and diverse functions in echidna social interactions.
Introduction
Chemical signals are vitally important for mediating social and sexual interactions in a wide range of animal species (Wyatt 2003; Brennan and Kendrick 2006) . Chemical signals originating from dedicated scent glands, urine, feces, saliva, reproductive organs, and other body secretions convey information between conspecifics, often in the absence of the signaling animal (Wyatt 2003; Müller-Schwarze 2006) . Chemical signals can transmit complex information on individual identity (Smith et al. 2001) , genetic quality (Charpentier et al. 2010) , sex, and reproductive status (Scordato et al. 2007; Rosell et al. 2011) , social status (Burgener et al. 2009; Setchell et al. 2010) , and body condition (Buesching et al. 2002) . These signals play a vital role in mediating behaviours essential for reproductive success, such as mate attraction (LeMaster and Mason 2002) , mate choice (Johansson and Jones 2007) , and kin recognition (Charpentier et al. 2010) .
Mammalian chemical signals are typically extremely complex, and this has contributed to the relatively poor understanding of chemical, functional, and ecological aspects of mammalian chemical ecology in comparison with those of other taxa (Burger 2005) . However, a large amount of semiochemical information is now available for laboratory mammals, such as rats and mice, and the literature base of compounds described in "nonmodel" species' secretions is also expanding. Mammalian scent-gland secretions typically contain a very large number and range of compounds, including aldehydes, alcohols, ketones, esters, sterols, acids, proteins, and aromatics (reviewed by Burger 2005) . Variations in chemical and physical properties between these different groups of compounds (Alberts 1992; Müller-Schwarze 2006) mean that no single method of chemical analysis is best able to detect all of them. Further, the biologically active component(s) of a chemical signal could be 1 or many of these compound types (Andersen and Vulpius 1999) . Many studies have implemented gas chromatography-mass spectrometry methods to describe a large number of compounds present in mammalian secretions; however, very few use multiple analytical techniques to give a more comprehensive description of the chemicals produced by a given species. It is possible that not doing so could result in an underestimate of the number and diversity of chemicals used for communication in some species.
Currently, the majority of mammalian chemical ecology research is concentrated on eutherian mammals (Burger et al. 2001; Scordato et al. 2007; Burgener et al. 2009 ), and to a lesser extent, marsupials (Salamon and Davies 1998; Toftegaard et al. 1999; Tobey et al. 2009 ). Very little is known of chemical signals in the monotremes, the ultimate mammalian "out-group" (Nicol 2003) . Monotremes diverged from other mammals 161-217 million years ago (Phillips et al. 2009) , and an investigation of chemical signals in this unique group of animals is likely to reveal new insights into the evolution of olfactory communication.
The short-beaked echidna (Figure 1 ; Tachyglossus aculeatus) is the most common extant monotreme (Griffiths 1978) , and Australia's most widely distributed native mammal (Augee 2008) . Echidnas are usually solitary, and chemical signals are believed to be used for attracting and locating mates during the breeding season (Griffiths 1978; Rismiller 1992; Nicol et al. 2004 ). The breeding season occurs from June to September, which in colder parts of the echidna's range immediately follows several months of hibernation (Beard et al. 1992; Nicol and Andersen 2002) . In the Tasmanian subspecies (T. a. setosus), males emerge from hibernation approximately 1 month before females, and the mating season is characterized by intense male intra-sexual competition for access to mates as females emerge ). Some females have been found in mating aggregations while still hibernating ). Both sexes give off a pungent, musky odor when found in mating aggregations (Nicol et al. 2004) . The presence of secretory glands located in the cloaca wall (Allen 1982; Russell 1985) , cloaca "wiping" behavior (Boisvert and Grisham 1988; Beard et al. 1992) , and field experiments (Rismiller 1992) suggest that a "pheromone" (Rismiller 1992) or chemical attractant present in cloacal secretions might be used for advertising female reproductive status, and that males are strongly attracted to this scent.
In addition to cloacal glands, male echidnas also possess a gland-spur apparatus in each of the hind limbs, composed of a keratinous spur located on the ankle joint, with its central canal connected via a duct to a "crural" gland located in the popliteal fossa (Krause 2009 ). Although echidna venom contains some of the peptides found in platypus (Ornithorhynchus anatinus) venom (Koh et al. 2010) , unlike the platypus spur, the echidna spur is not firmly attached and cannot be used aggressively. A creamy secretion has been observed at the base of the spurs, and the crural gland's size and secretory activity is seasonal, being most active during the mating season. This suggests that the crural gland and associated glands at the base of the spur may function in scent production related to mating (Krause 2009) .
No thorough investigation into the chemical composition of echidna scent gland secretions has been carried out. Only 5 compounds were identified in a swab from the chest area of an echidna in a previous semiochemical study, where a single individual was used as a comparative out-group (Zabaras et al. 2005) . The aim of the present study was to describe the chemical composition of echidna secretions in detail using a range of analytical techniques, including gas chromatography-mass spectrometry (GC-MS). We also asked whether there are any differences in chemical profiles between sexes during the mating season. We predicted that sex-specific differences in cloaca chemical profiles should be evident during the mating season, as this would help to explain much of the reproductive behaviour outlined earlier.
Materials and methods

Study site and sample collection
A total of 514 odorant samples were collected from 173 captures of 21 adult male and 16 adult female echidnas between January and December 2010 from a wild population in the Tasmanian southern midlands, approximately 55 km north of Hobart (42°28'S, 142°14'E). The field site consists of undulating grazing pastures, dry schlerophyll forest patches, and wooded gullies dominated by Eucalyptus amygdalina (Harris and Kitchener 2005) . The site has variable topography with elevation ranging from 200-400 m above sea level. Rainfall averages 430 mm annually, mean minimum and maximum temperatures are 10 °C to 24 °C in summer and 2 °C to 11 °C in winter (Australian Bureau of Meteorology).
All animals were captured by hand after first either being spotted walking around the site, radio-tracked, or found with radio-tracked individuals (such as in a mating group). On initial capture, all echidnas at this field site were fitted with passive implantable transponder (PIT) tags (LifeChip, Figure 1 Tasmanian short-beaked echidna (Tachyglossus aculeatus setosus) with radio-transmitter attached to lower back (photo, R Harris).
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Destron-Fearing, USA) for identification. Selected individuals were fitted with radio-transmitters (Biotelemetry, Australia; Titley Scientific, Australia) attached to the spines of the lower back with 2-part epoxy glue, allowing serial sampling. As many as 19 individuals (10 males, 9 females) had radio-transmitters attached during the study period.
Odorant samples were collected approximately once per month from radio-tracked animals, and more frequently during the mating period (June -September). Although we aimed to collect odorant samples from approximately equal numbers of radio-tracked male and female individuals, echidnas are cryptic, semifossorial animals, and frequently select shelter sites where they are inaccessible. Additional individuals which were not radio-tracked were sampled opportunistically as described earlier. Therefore, the number of samples collected varies quite considerably between individuals. For example, 15 animals were only sampled once, 11 animals were sampled 2 to 5 times, and 11 animals were sampled more than 6 times over at least a 5-month period. The greatest number of times any individual was sampled from over the entire study period was 16. Males and females are represented by at least 1 sample in each month.
Two types of samples, swabs and solid secretions, were collected from echidnas while the animals were under light inhalation anesthesia (4% isoflurane in oxygen). Swab samples (N = 173) were collected by wiping the cloaca with a half-circle of glass fiber filter paper (Advantec, Japan, ø 47 mm), held with surgical forceps (Salamon and Davies 1998; Hayes et al. 2004 ). We also collected "control" samples (N = 173) by wiping a representative body area lacking dedicated scent glands (the right foreleg) with filter paper using the same technique as for cloacal swabs. Control swabs were collected for the purpose of identifying compounds which were contaminants present on the animal, and compounds which were not exclusive to cloaca secretions. Fresh urine and fecal material were removed before sampling by wiping the area with facial tissue, until any obvious contamination had been removed. Subsequent GC-MS analyses of swabs collected after this procedure was conducted showed that we were able to remove, or at least minimise, urine and fecal contamination without removing potentially important volatile compounds from the area to be sampled. Throughout the year, both males and females produced a solid, waxy exudate from glands located in the cloaca and base of the spur. Females lose their spurs before maturity but still produce a small amount of secretion from the pits where the spurs were previously located. Wax secretion samples (N = 170) were collected by gently squeezing the cloaca or base of spur, where present, and collecting a small (approximately 1-3 mg) sample of the resulting odorous exudate with forceps. Forceps were cleaned with ethanol and dried between collecting each sample. All filter paper and solid exudate samples were immediately stored in individual glass vials (20 mL scintillation vials with foil-lined urea screw caps, PerkinElmer, USA, and 2 mL screw-capped vials with PTFE/silicone septa, Waters, UK, respectively). All samples were stored on ice for a maximum of 8 h while in the field, and then at −20 °C in the laboratory until they could be analyzed, which for most samples was approximately 3 to 6 months after collection.
GC-MS analysis of filter paper swabs
Each filter paper sample was analyzed using combined GC-MS following thermal desorption using a thermal desorption unit (TDU; Unity, Markes, UK). A section of filter paper was placed inside a stainless steel desorption tube (Mi 098519, Markes, UK) and manually inserted into the TDU sampling port. The sampling port was heated from 40 °C to 150 °C, and then held at 150 °C for 10 min; the trap was then rapidly heated from −10 °C to 290 °C and remained at this temperature for 3 min. Filter paper samples were injected in split mode with a desorption tube pressure of 18 ± 0.2 psi. GC-MS analyses were performed using a Varian CP-3800 gas chromatograph with a Varian 1200L triple-quadrupole mass spectrometer (Varian, USA). The transfer line temperature was held at 290 °C and the source temperature was 220 °C. A 30 m Varian VF-5ms phenyl-dimethylpolysiloxane column (250 μm ID, 0.25 μm film thickness) was used with helium as the carrier gas operating at 40 °C for 2 min, then increased at 8 °C/min to 290 °C (total run time 35.25 min). The scan range was m/z 20-300 for the first 3 min, then m/z 35-500 for the remainder. Blank filter paper swabs, facial tissue samples, and control swabs were analyzed to identify artifacts and contaminants.
GC-MS analyses of solid exudates
Solid exudates were analyzed using several different analytical techniques in order to identify their major volatile and nonvolatile constituents.
Volatile composition was determined using solid phase microextraction (SPME) headspace GC-MS analysis with the instrument described previously and a 75 μm Carboxen™ polydimethylsiloxane partially crosslinked fiber (Supelco, USA). SPME analyses were carried out on samples in their original glass storage vials. The fiber was advanced through the vial septum and exposed to the sample headspace for 10 min at 25 °C, then withdrawn and manually injected into the GC port for 5 min (column oven temperature 2 °C for 5 min, then 10 °C/min to 250 °C over 24.8 min; total run time 29.8 min). The injector temperature was 280 °C, the source temperature was 220 °C, the transfer line temperature was 290 °C, and the scan range was m/z 35-400. Blank samples, using an empty sample vial, were run to identify artifacts and contaminants. The same fiber was used for all SPME headspace analyses, and all analyses were carried out in split mode.
Solid exudates were derivatized by extracting a small portion (~0.5 mg) of each sample in approximately 200 μL of chloroform. A 50 μL aliquot was then combined with 50 μL of N,O-bis(trimethylsilyl) trifluoroacetamide (BSTFA) + 1% trimethylchlorosilane (TMCS) (Sigma-Aldrich, Australia) and allowed to react for 10 min at 60 °C, to form trimethylsilyl (TMS) fatty acid derivatives. Each sample was then injected into the GC-MS port using a Varian CP 8400 autosampler (1 μL; initial column oven temperature 100 °C, temperature increase 8 °C/min to 310 °C, final temperature 310 °C for 9 min, total run time 35.25 min). GC-MS analyses were carried out in split mode, the source temperature was 230 °C, and the scan range was m/z 35-550. The first 8 min were excluded from further analyses as peaks in this time period were derived from the solvent. Blank samples, using 50 μL of chloroform reacted with BSTFA + 1% TMCS, were run to identify artifacts and contaminants.
On-column injections were done using a fused silica needle (200 μm outside diameter; 0.5 μL of TMS-derivatized male spur exudate; initial temperature 50 °C; temperature increase 8 °C/min; final temperature 310 °C for 15 min; total run time 49.50 min). The source temperature was 230 °C and the scan range was m/z 35-550. Direct probe chemical ionisation (CI) was done using a Kratos Concept ISQ high resolution mass spectrometer, on a 2 μL aliquot of a male spur exudate extracted in chloroform. Methods and conditions used by Lusby et al. (1984) were replicated in order to attempt to yield molecular ions for sterol esters. CI spectra were obtained at a source block temperature of 120 °C, the scanning range was m/z 35-1000, and ammonia was used as the reagent gas.
Electrospray ionisation (ESI)-MS was done using a Finnigan LCQ ion trap mass spectrometer fitted with an ESI source. Methods and conditions used by Kalo et al. (2006) were replicated in order to yield ammonium adducts of free fatty acids, free sterols, and sterol esters. Positive ion ESI spectra were obtained by direct infusion of a 50:50 dilution of a male spur exudate extracted in chloroform with methanol at ~20 μL/min. The ESI needle voltage was 4 kV, the sheath gas (nitrogen) pressure was 70 psi, and capillary temperature was 200 °C. The scanning range was m/z 250-1000; 100 mM ammonium acetate was used for infusion ESI. MS/MS data were obtained for selected ions observed in the main spectrum with collision energy of 17% and isolation width of 2 mass units. Finnigan Navigator software was used. A sterol ester standard (cholesteryl oleate, Sigma-Aldrich, Castle Hill, Australia) in a 50:50 dilution of chloroform and methanol was used to validate the method before applying it to echidna secretion samples. On-column injections, direct probe CI, and ESI-MS analyses were done in 2009 using a sample collected in that year as part of a preliminary study (Harris 2009 ).
Double bond positions
Double bond positions in long chain fatty acids were assigned using methods described in Carlson et al. (1989) , except that we used chloroform as the solvent. Briefly, a 200 μL aliquot of a male cloaca exudate extracted in chloroform was combined with 200 μL dimethyl disulfide (DMDS; Sigma-Aldrich, Australia) and 100 μL iodine solution, and left to react overnight at 40 °C. The mixture was then diluted with chloroform and 5% sodium thiosulfate added to remove the iodine. The organic phase was transferred to a new vial, and the remaining aqueous layer re-extracted in chloroform. The organic phases were then combined and dried over anhydrous sodium sulphate, then blown almost to dryness with nitrogen. The sample was then reacted with BSTFA + 1% TMCS and analyzed by GC-MS using the same methods and temperature regimes as for TMS-derivatized samples.
Peak identification
Chromatogram peaks were initially identified by comparing mass spectral and gas chromatogram data with existing databases (National Institute for Standards and Technology 2008). Retention time, molecular weight, peak purity, and peak shape were also considered when identifying peaks. Structures of unidentified compounds were added to an "in-house" database and included in subsequent searches. These unidentified compounds could then be recognized in other samples by comparing mass spectra and retention times. When identifying known compounds in new samples, we required that retention times be within 0.2 min, and if we were unable to identify the diagnostic mass spectral ions of a compound corresponding to a given peak, it was deemed absent from the sample. Kovats' retention indices were calculated for the majority of all compounds identified and compared with published Kovats' data in the NIST Chemistry WebBook (http://webbook.nist. gov/chemistry/). Some methyl and ethyl esters were positively identified by coelution of known standards. The difference in Kovats' indices between branched and straight chain isomers was used to directly assign iso and anteiso branching in some cases (Khorasheh et al. 1989 ).
Statistical analyses
We present preliminary analyses investigating compositional differences between sexes during the mating season. We analyzed peak data from a subset of cloaca filter paper swabs (N = 56) collected from males (n = 17) and females (n = 12) found in mating aggregations. This data set contains multiple samples for some individuals. When selecting compounds to be included in our analyses, we excluded artifacts identified in blank and control swabs. We then excluded compounds which occurred in less than 5% of all cloaca swabs analyzed, since these are either artifacts or unlikely to be important as semiochemicals. The 58 compounds retained for statistical analyses are indicated in Table 1 . Due to the nature of our sample collection method, we could not control for the amount of secretion collected and analyzed. Therefore, we calculated relative peak abundances as a percentage of the sum of all selected peaks, rather than attempting to quantify Downloaded from https://academic.oup.com/chemse/article-abstract/37/9/819/327383 by guest on 09 February 2019 absolute concentration. The area of each targeted peak was calculated using automated search methods, using the Varian instrument software (MS Data Review V6.41). The automated peak matches and area calculation reports were manually checked for accuracy and corrected when necessary.
To circumvent the problems of pseudo-replication and increased risk of Type I error associated with using multiple samples from the same individuals, we calculated average peak abundances for repeat samples. We generated a Bray-Curtis similarity index after applying a square-root transformation to the dataset. We used a multidimensional scaling (MDS) plot and a single factor permutational multivariate analysis of variance (PERMANOVA) to examine whether there is a difference in chemical profiles between males and females during the mating season. A P value was obtained using 9999 permutations and Type I (sequential) sums of squares.
The significance level was set at α = 0.05. All statistical analyses were carried out using Primer V6.1.12 with the PERMANOVA+ V1.02 add-on package.
Results
Compounds identified in echidna secretions
Echidna secretions were extremely chemically complex, and very large amounts of chromatographic and mass spectral data were generated as a result of our analyses. A total of 469 different compounds were detected across all sampling methods and sample types. Of these, 186 compounds were determined to be from the animal and tentatively identified (Table 1) . A very high proportion of the remainder were artifactual. Table 1 Compounds fully or partially identified in cloacal swabs and solid exudates from male and female short-beaked echidnas Tachyglossus aculeatus setosus. 
GC-MS analysis of filter paper swabs
Filter paper swabs were analyzed by thermal desorption and GC-MS. We identified a total of 31 compounds which were present in blank swabs and facial tissue samples. These included phthalates, silicone-containing compounds (likely originating from the silicone trap in the instrument), alcohols, alkanes, plasticizers, aromatic esters, and other unidentified compounds. Phthalates and silicon-containing compounds occurred in all animal swabs analyzed. All compounds identified in blank and facial tissue samples were excluded from all further analyses. A further 67 compounds were identified in control samples. Many of these were synthetic aromatics and siloxanes, which are likely contaminants from the time of sampling and/or analysis in the laboratory. These compounds were excluded from any further analyses. Naturally occurring compounds detected in control and cloacal swabs included diterpenes, cholestadienes, and aldehydes. The composition of cloacal swabs were extremely variable and typically comprised a complex mixture of compounds including aldehydes, alcohols, aromatics, hydrocarbons, terpenoids, short-and long-chain carboxylic acids, sterol derivatives, and ethyl esters (Figure 2 ).
GC-MS analyses of solid exudates
GC-MS analyses of derivatized solid exudates revealed the presence of a series of sterols and methyl esters, as well as fatty acids ranging in length from 14 to 34 carbon atoms, several being monounsaturated (Figure 3 ). Double bond positions were determined for fatty acids (Table 1, Figure 3 ). SPME headspace analysis detected 7 short-chain ethyl esters (ethyl propanoate, ethyl butanoate, ethyl 2-methylbutanoate, ethyl 3-methylbutanoate, ethyl hexanoate, ethyl octanoate, and ethyl decanoate), as well as 6 other volatile carboxylic acids already identified using thermal desorption of filter paper swabs.
Detection of sterol esters in solid exudates
Thermal desorption and on-column injections indicated that cholesta-2,4-diene and cholesta-3,5-diene were the products of sterols undergoing elimination reactions during the hot injection (Okerholm et al. 1968; Gerst et al. 1997 ).
On-column injections also indicated that the source(s) of the cholestadienes were likely to be sterol esters, which eluted much later than the sterols and were too large for GC analysis. Direct probe CI and ESI mass spectra were used to attempt to determine molecular mass. Direct probe CI failed to yield a clear molecular ion, despite replicating conditions used by Lusby et al. (1984) . Fragment ion mass spectra indicated the presence of sterol components, but the intact esters decomposed at relatively low temperatures (120 °C). ESI-MS analysis proved successful at yielding molecular adduct ions for several sterol esters present in the sample, along with fragment ions representing long chain fatty acid components. The high molecular weight peaks present in the ESI-MS spectra indicated there were several sterol esters present in the solid sample, plus a series of long chain fatty acids (Figures 4 and 5) . Fatty acid chain lengths were calculated (Table 2 ) and matched those detected by earlier GC-MS analyses of derivatized exudates and paper swabs.
Sex differences
Most of the 58 compounds we considered for statistical analyses occurred in samples from both sexes. We found 3 compounds which were only found in female swabs collected during the mating season (dimethyl disulfide, isobutanoic acid, pentanoic acid), and 5 compounds only found in male swabs (dimethyl sulfone, 2-methylpropanol, ethyl n-henicosanoate, ethyl tetracos-15-enoate, and ethyl n-tetracosanoate). However, when we compared all cloacal swabs collected in the entire study period, only Figure 3 Total ion current chromatogram obtained by GC-MS analysis of TMS-derivatized components of a male echidna spur exudate. Peak numbers correspond to those given in Table 1 .
1 compound was sex-specific (ethyl n-tetracosanoate, although this only appeared in 3 male samples). There is a considerable degree of overlap in cloacal swab composition between males and females ( Figure 6) ; however, some separation is evident (PERMANOVA: pseudo-F 1,28 = 4.25, P < 0.001).
Discussion
Our analyses of echidna swabs and solid exudates revealed a complex mixture of compounds present in the majority of samples, some of which have previously been identified in the secretions of other mammalian species, while others have never previously been reported as animal products. A total of 4 compounds reported here have been identified in echidna secretions in a previous study: acetic acid, 1,8-cineole, a C8 aldehyde (octanal), and a C10 aldehyde (Zabaras et al. 2005) . Octanal, nonanal, and other generic aldehydes are commonly found in a wide variety of mammalian secretions (Burger 2005) . 1,1-bis-(p-tolyl)-ethane was detected in the majority of samples collected from other species analyzed by Zabaras et al. (2005) but was not detected in this study. Zabaras et al. (2005) reported that 1,1-bis-(p-tolyl)-ethane has structural similarities with DDT and has not previously been found as a natural compound, and we consider it to likely be an artifact. It must also be pointed out that the compounds found by Zabaras et al. (2005) were identified in swabs reportedly from sternal glands; however, we can find no evidence to suggest that echidnas have such glands. Swabs from the sternal area were not found to be significantly different from "control" samples from other areas of the body, such as the feet and legs (unpublished data).
Our odorant collection methods likely contributed to the detection of the large number of compounds reported in this study. By using swabs from the cloaca area, we collected compounds derived from the animal's skin, fur, feces, urine, reproductive organs, and scent glands. In doing so, we collected compounds representative of the full suite of cloaca-related chemicals available to be detected by other animals. Several naturally occurring compounds were identified in both cloacal and control swabs collected from animals in this study, including terpenoids, aldehydes, and cholestadienes, although peak sizes were much smaller in control samples. Aldehydes and cholestadienes (likely derived from sterols) are common constituents of mammalian skin surfaces (Stewart and Downing 1991; Burger 2005) ; however, we included these compounds in our statistical analyses of cloacal swabs as they may still be important for communication. Samples which were contaminated with urine during the sampling procedure were easily identified by the presence of urea, N,N-dimethyl urea, tetramethylthiourea, trimethyl urea, and cyanuric acid, which we excluded from further analyses. The presence of contaminant compounds from feces is more difficult to determine. Several compounds are likely to be derived from the echidna's diet (see Terpenoids), while others could be the result of bacterial action in the gut. The volatile components of scent marks in many mammalian species have been shown to be of bacterial origin (Alberts 1992) . Further work is being conducted to identify compounds derived from echidna feces. 
Volatiles
The volatile fraction of echidna cloacal secretions was dominated by volatile carboxylic acids, plus sulphur-containing compounds, phenol derivatives, and short-chain aldehydes. These compounds likely contribute to the pungent, musky odor produced by both sexes when found in mating aggregations (Nicol et al. 2004 ). The sulphur-containing compounds are especially strong-smelling and have previously been identified in the scent gland secretions of mustelids (Zhang et al. 2002; Wood et al. 2005 ) and marmosets Callithrix jacchus (Smith et al. 2001) . Volatile carboxylic acids are common constituents of mammalian secretions (Burger 2005) . Their volatility makes them ideal short-term attractant signals (Alberts 1992) , potentially functioning in sexual recognition (Burger et al. 2001) or mate attraction (Tobey et al. 2009 ). Our preliminary analyses indicate that the volatile compounds are most abundant during the mating season (unpublished data) and may allow male echidnas to locate females at this time of year. Nitrogen-containing compounds such as 1-methyl-2-pyrollidinone and a methyl-2,4-imidazolidinedione isomer were infrequently detected, but their peak sizes were relatively large in some samples. 1-Methyl-2-pyrollidinone has been identified in the scent gland secretions of wolverines Gulo gulo (Wood et al. 2005) , tigers Panthera tigris (Burger et al. 2008) , and marmosets C. jacchus (Smith et al. 2001) . Trimethylamine is abundant in dog (Canis familiaris) and coyote (C. latrans) anal sacs (Preti et al. 1976 ). Aromatic, nitrogen-containing compounds are easily formed by bacterial degradation of proteins (Smith et al. 2001) . Further work will be needed to determine whether proteins and their derivatives play as important a role in olfactory communication in echidnas as in other species (Belcher et al. 1990; Hurst et al. 1998 ).
Nonvolatiles
One of the most significant outcomes of this study was the identification of relatively large (m/z 800-900) sterol esters, comprising a sterol and a saturated or unsaturated long chain fatty acid (up to 34 carbons in length). To the best of our knowledge, due to the length of their fatty acid components, these compounds are considerably larger than other sterol esters reported as animal products. Sterol esters with fatty acid components of up to 24 carbon atoms in length are found in the preputial gland secretion of musk deer Moschus moschiferus (Sokolov et al. 1987) , and sterol esters of up to 18 carbon atoms in sternum lipids are found in the brushtail possum Trichosurus vulpecula (Woolhouse et al. 1994) . Large, nonvolatile compounds such as waxes (typically long chain alcohol esters of long chain fatty acids) and lipids function as fixing or waterproofing agents, ensuring that scent marks persist in the environment and thus enhances their detectability (Sokolov et al. 1987; Alberts 1992; Burger et al. 2008) . Examples include the lipid fraction of male Bengal tiger (P. tigris) marking fluid, which is dominated by squalene and fatty acids (Poddar-Sarkar 1996; Burger et al. 2008) , major urinary proteins in the mouse Mus musculus (Hurst et al. 1998; Beynon and Hurst 2003) , 2-phenoxyethanol in rabbit (Oryctolagus cuniculus) chin gland secretions (Hayes et al. 2003) , and squalene in lemur (Lemur catta) brachial gland secretions (Scordato et al. 2007) . We believe that the large sterol esters detected in this study may have a similar role in the echidna. Sterol esters could function as storage or fixing agents, releasing the more volatile secretion components that function as sexual attractants. If the life of olfactory signals in scent marks is extended by using a nonvolatile medium, then this should increase the potential number of animals that detect and are then attracted to the scent source (e.g., the female echidna during the mating season). Echidnas also use latrines during the nonbreeding period of their active season (Sprent et al. 2006) , and latrines have important communication functions in other species (Sneddon 1991; Begg et al. 2003) . Squalene and large sterol esters may prolong the life of scent marks left at echidna latrines, potentially signaling individual presence and resource use. Waxes may also function as a source of free fatty acids (e.g., through bacterial transformation) as indicated by the similar composition of free and bound (in esters) fatty acids (Sokolov et al. 1987) .
A series of saturated, monounsaturated, and polyunsaturated long chain fatty acids were identified in echidna secretions in this study, with chain lengths ranging from 14 to 34 carbon atoms. These occurred as free fatty acids as well as in sterol and ethyl esters. Shorter chain fatty acids with chain lengths ranging from 6 to 13 carbon atoms were also detected, although less frequently. Very long chain fatty acids (>22 carbon chain length) are present in small amounts in most animal tissues (Poulos 1995) but not often reported in mammalian scent gland secretions (Sokolov et al. 1987) . In contrast, long chain fatty acids (12-22 carbon chain length) often make up a significant proportion of scent gland secretions (Poddar-Sarkar 1996; Wood et al. 2005) . These fatty acids are likely to be important as nonvolatile chemical signals, as they have high degrees of molecular diversity, thus potentially increasing the information content of a chemical signal (López and Martín 2005) . For example, fatty acids up to 26 carbon chain length have been identified in femoral gland secretions in some squamate lizards, where they may function in intra-and inter-specific discrimination Escobar et al. 2001) . Long chain fatty acids make up a significant proportion of giant panda (Ailuropoda melanoleuca) anogenital gland secretions, and erucic acid (among others) has been hypothesized to be a female panda pheromone . In badgers (Meles meles), long chain fatty acids present in subcaudal gland secretions contribute to significant variations in secretion composition relating to group membership, sex, and reproductive status (Buesching et al. 2002) . Nonvolatile cues may be important for signaling between male and female echidnas during the mating season, due to the variety of different compounds detected. While odorous volatiles may initially attract wide-ranging males to a female, higher molecular weight compounds such as fatty acids may provide more specific information on reproductive status, body condition, or individual identity.
A series of ethyl esters were identified in the echidna secretions with fatty acid components ranging from 3 to 26 carbon atoms in length, and our results indicate that these are the same fatty acid chains as identified in TMS-derivatized samples. Ethyl esters of fatty acids with chain lengths ranging from 14 to 20 carbon atoms have been found in male panda urine, which may code for genetic relatedness . Fatty acid methyl esters are present in sternal gland secretions and sternal gland hair in mandrills (Mandrillus sphinx), which contain information on age, sex, and dominance status (Setchell et al. 2010 ) and may provide a cue of individual genetic identity (Setchell et al. 2011) . Unidentified long chain esters contribute to species-specificity in gland secretions in lemurs (Hayes et al. 2004) , and shorter chain ester series' appear to be sex-specific in peccaries (Waterhouse et al. 1996; Waterhouse et al. 2001) . It is possible that long chain fatty acids and their methyl and ethyl esters may play an important role in signaling during the breeding and nonbreeding season in echidnas. Variations in composition of fatty acids, methyl ester series', and ethyl ester series' may code for individual identity, sex, or reproductive status. Further work will be needed to investigate this.
Sterols may also contribute to signals containing information on individual identity or reproductive status in echidnas. Several sterols and steroid derivatives in both cloacal and spur secretions were detected, including cholesterol, desmosterol, cholestan-3-ol, coprostenol, and cholest-4-en-3-one. Cholesterol is an extremely common component of mammalian scent gland secretions (Stewart and Downing 1991) and is found in a wide range of species including brown bears Ursus arctos (Rosell et al. 2011) , hamsters Phodopus sungorus sungorus (Burger et al. 2001) , giant pandas A. melanoleuca , and wolverines G. gulo (Wood et al. 2005) . Like the sterol esters found in echidnas, cholesterol is thought to be used as an unreactive matrix that delivers important semiochemicals (López and Martín 2005) . Steroids present in chemical signals may also be related to sex steroids (Escobar et al. 2001 ) and thus could potentially provide information on sex or reproductive status. The range of sterols found in echidna secretions suggests they may act as a nonvolatile medium for more volatile signal components and may provide information on reproductive status. We did not find any evidence of triglycerides or phospholipids in echidna secretions.
Terpenoids
A large number of mono-, sesqui-, and diterpenes were detected in echidna swab samples, including kaurene, aromadendrene, and globulol. Terpenes are often detected in mammal secretions, although usually as secondary metabolites from their diet (koalas Phascolarctos cinereus (Salamon and Davies 1998) , beavers Castor canadensis (Tang et al. 1995) ). Globulol, limonene, and kaurene are likely to be present on the echidna's body through direct contact with their environment, as they were also detected in control samples. Some of the compounds we detected, including iridomyrmicin, are found in Iridomyrmex sp. (Cavill et al. 1982 ) and other ants which form part of the diet of echidnas at our study site (Sprent 2012) and could be present in residual fecal material collected on cloacal swabs. Terpenes may also occur in mammalian secretions with no obvious dietary or environmental source. For example, 1,8-cineole, a eucalyptus derivative, is present in koala sternal gland secretions (Salamon and Davies 1998; Tobey et al. 2009 ), but also occurs in giant panda scent marks (Hagey and MacDonald 2003) .
Juvabione (I, Figure 7 ) is of particular interest, as it is found in North American Abies fir trees and considered to be an insect hormone mimic (Manville and Kriz 1977) . It was dubbed "the paper factor" after its first isolation from paper towels made from this fir genus (Sláma and Williams 1965) . However, there are no Abies trees at our study site. Juvabione was frequently identified in echidna swabs, did not appear in blanks or facial tissues, and was often the largest peak present. We have been unable to source synthetic juvabione or Abies heartwood samples to confirm our identification, but both the mass spectrum and Kovats' retention index were excellent matches to published values (Pichette et al. 1998) . We initially considered this to be a possible artifact, and we have exhaustively explored all other possible sources to explain the presence of juvabione in the echidna swabs. Terpenoid insect pheromones have previously been found in mammalian secretions: the aphid alarm pheromones (E,E)-α-farnesene and (E)-β-farnesene are found in female African elephant urine (Goodwin et al. 2006) , the bumblebee sesquiterpene (E)-2,3-dihydrofarnesol is found in the temporal gland secretion in male African elephants (Goodwin et al. 1999) . If juvabione is produced by the echidna, its function remains unclear.
Sex differences
Our results indicate that there is sex-specific variation in the odor profiles of male and female echidnas during the mating season. This provides new evidence supporting literature speculation that echidnas use olfactory cues for mate attraction (Griffiths 1978; Rismiller 1992) . Chemical cues are known to advertise sex in a wide range of mammals (Wyatt 2003; Johansson and Jones 2007) and are particularly important in solitary animals that have little or no social contact with conspecifics (Hagey and MacDonald 2003; Rosell et al. 2011) . Field experiments have shown that male echidnas are strongly attracted to the scent of females in mating groups, and this effect is not observed outside the breeding season (Rismiller 1992) . Volatile compounds conveying information on sex may be particularly important for enabling males to locate mates, as volatile cues can convey information over large distances (Alberts 1992) . Further investigations also need to be carried out, ideally incorporating data from controlled behavior experiments, reproductive physiology, and genetic analyses to further elucidate the function and seasonal variability of these signals.
Mating behavior observations at our field site ) suggest that female echidnas start to produce a chemical signal which attracts males prior to her final emergence from hibernation. Further analyses will be required to investigate what triggers the production of such a signal, and when this change occurs. We could find little evidence for a female-specific compound or potential "pheromone." Instead, our preliminary data suggest that sex-specific differences in cloacal secretions are quite subtle. Our sampling procedure may have contributed to this result-bacterial breakdown products or "generic" compounds collected in cloacal swabs could potentially "mask" the effect of compounds important for distinguishing between males and females. It appears more likely that, as in many species, echidna female-specific signals are made up of mixtures of several compounds, which encode information on sex (Hagey and MacDonald 2003) , reproductive status (Scordato et al. 2007) , and potentially individual identity (Smith et al. 2001 ). More obvious sex-related differences may be present in the cloaca and spur secretions, and these will be examined once sample collection and chemical analyses are completed. We also observed that males typically produced more secretion from the base of their spurs than females from the same body area, which may reflect differences in function (e.g., males may use spur secretions to signal to other males during competitive mating encounters). Any functional variations in these secretions may be revealed following further analyses of sex and seasonal differences in these secretions.
The results presented in this study indicate that the composition of Tasmanian echidna secretions is chemically complex and contains compounds not previously detected in the secretions of other animals. There are indications of differences between sexes during the mating season, which will need to be examined in more detail. This study was based on samples collected from a single location and is by no means representative of the entire species. Secretion composition can vary between populations (Hayes et al. 2002) , and differences in the relative amounts of different compounds depending on climatic and geographical differences between subspecies may be expected. 
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